M2 is a double-stranded RNA (dsRNA) element occurring in the hypovirulent isolate Rhs 1A1 of the plant pathogenic basidiomycete Rhizoctonia solani. Rhs 1A1 originated as a sector of the virulent field isolate Rhs 1AP, which contains no detectable amount of the M2 dsRNA. The complete sequence (3,570 bp) of the M2 dsRNA has been determined. A 6.9-kbp segment of total DNA from either Rhs 1A1 or Rhs 1AP hybridizes with an M2-specific cDNA probe. The sequences of M2 dsRNA and of PCR products generated from Rhs 1A1 total DNA were found to be identical. Thus this report describes a fungal host containing full-length DNA copies of a dsRNA element. A major portion of the M2 dsRNA is located in the cytoplasm, whereas a smaller amount is found in mitochondria. Based on either the universal or the mitochondrial genetic code of filamentous fungi, one strand of M2 encodes a putative protein of 754 amino acids. The resulting polypeptide has all four motifs of a dsRNA viral RNAdependent RNA polymerase (RDRP) and is phylogenetically related to the RDRP of a mitochondrial dsRNA associated with hypovirulence in strain NB631 of Cryphonectria parasitica, incitant of chestnut blight. This polypeptide also has significant sequence similarity with two domains of a pentafunctional polypeptide, which catalyzes the five central steps of the shikimate pathway in yeast and filamentous fungi.
In the last three decades, fungal double-stranded RNA (dsRNA) elements have been the subject of considerable research because of their potential adverse effects on plant pathogenic fungi, and the prospects of utilizing them in biocontrol schemes against the host fungus (1-3). dsRNAs have been associated with cytoplasmic hypovirulence (4) or virulence (5) in Rhizoctonia solani. We have shown that dsRNAs are ubiquitous in natural R. solani populations that include isolates covering a wide range of virulence, including hypovirulence (6) . Subsequent surveys conducted in Japan (7), Florida (8) , and Louisiana (9) confirmed our findings. We have also shown that the conflicting reports on the role of dsRNAs in R. solani could be attributed, at least in part, to the high degree of genetic diversity among dsRNA elements occurring in natural populations of the pathogen (10, 11) . More importantly, we have presented several lines of indirect evidence suggesting that specific dsRNA elements might be involved in up-or down-regulation of virulence in R. solani (10) (11) (12) (13) (14) .
Recently, we described a genetic model wherein new dsRNAs appear or existing dsRNAs disappear from a given genotype (Rhs 1AP) with concomitant changes in virulence (15) . Rhs 1AP is a virulent culture, member of anastomosis group 3, which is the major cause of the rhizoctonia disease syndrome of potato in North America (16, 17) . Rhs 1A1 originated as a sector of Rhs 1AP and contains, in addition to the two dsRNAs of Rhs 1AP (L2 and M1), three genetically distinct dsRNAs (L1, M2, and S1). Molecular sizes of L1, L2, M1, M2, and S1 dsRNAs were estimated to be 25, 23, 6.4, 3.6, and 1.2 kbp, respectively (15) . Rhs 1A1 is hypovirulent and has been shown to be an effective biocontrol agent against virulent R. solani in the field. It also has plant growth-promoting properties (18, 19) .
To understand the nature and role of dsRNA in R. solani, we have constructed cDNA clones of the above dsRNAs for sequencing and transfection studies (15) . In this paper, we report that the M2 element is phylogenetically related to a hypovirulence-associated mitochondrial dsRNA from the ascomycete Cryphonectria parasitica. It also has significant sequence similarity with polypeptides of known cellular functions. More importantly, M2-related DNA sequences occur in both the M2-containing culture Rhs 1A1 and the parental Rhs 1AP. This is a feature not reported to date for other fungal dsRNA genetic elements.
MATERIALS AND METHODS
Cloning and sequencing. Construction of a cDNA library of the M2 dsRNA has been described previously (15) . Sequencing of the M2 specific cDNA clones was carried out by primer walking from both sides of two nearly full-length clones, M2-31 (bases 63-3,556, Fig. 1 ) and M2-53 (bases 170-3,557), using the dideoxy chain termination method (20) and the Sequenase kit, version 2 (United States BiochemicalAmersham). Initial sequence information was verified by incorporating dITP in the sequencing protocol. In addition, many regions of the cDNA clones were sequenced from both strands and verified by cycle sequencing of cloned DNA PCR or reverse transcription (RT)-PCR products with an automated DNA sequencer (Applied Biosystems, ABI373A). The terminal sequences were derived by sequencing of the M2 dsRNA using an avian myeloblastosis virus reverse transcriptase sequencing kit (United States Biochemical-Amersham), and verified by sequencing cDNA clones obtained by ampliRhs 1A1 total DNA were as described above and a detailed account of sequencing strategy of the same is given in the result section. Sequence analysis was carried out using the PCGENE 6.5 program (IntelliGenetics), and the Wisconsin GCG nucleic acid sequence analysis software package.
Subcellular Fractionation. For determining subcellular localization of dsRNA, nuclei were purified as described by Gealt et al. (22) . Mitochondria were purified using the procedure of Specht et al. (23) as modified by Syminis (24) . Fluorescent staining of the nuclear fraction using acridine orange (22) , and the mitochondrial fraction using rhodamine-123 (25) were used to tentatively identify the respective fractions, and ensure freedom from contaminating organelles. The postmitochondrial supernatant was used to obtain the membrane fraction (30,000 ϫ g, 30 min per pellet), the ribosomal͞virus particle fraction (120,000 ϫ g, 3 hr per pellet), and the cytosolic fraction (postribosomal supernatant). Before lysis and phenol extraction, nuclei and mitochondria were treated with pancreatic RNase, in the absence of NaCl, to eliminate inadvertent, external contamination with dsRNA. Subcellular nucleic acid samples were treated with pancreatic DNase I, and RNase in 0.3 M NaCl to remove DNA and single-stranded RNA (ssRNA), respectively. RNA from the above fractions was analyzed by Northern blot hybridization as described (15) .
Southern and Northern Blot Hybridizations. Genomic DNA was extracted according to Sambrook et al. (26) . Extraction of total RNA from Rhs 1AP or Rhs 1A1 was according Logemann et al. (27) with minor modifications. 32 P-labeled transcripts of both polarities, and of comparable specific activity, were generated from a linearized M2-31 clone using T7 and T3 RNA polymerase, respectively. Southern and Northern blot analyses were carried out following standard protocols (26) .
RESULTS
Analysis of M2 dsRNA Sequence. Sequencing showed that the M2 dsRNA has 3,570 nucleotides ( Fig. 1) , and is relatively enriched in AU (57%). The sequence of M2 specific DNA from Rhs 1A1 was identical to that shown in Fig. 1 . Two potential hairpin loops are centered at positions 3,165 and 3,552 near the 3Ј-end of the sense strand (Fig. 2) . Moreover, the two ends of the sense strand could fold into a 10-bp panhandle, thus forming a pseudocircular structure, leaving the terminal U unpaired (Fig. 2) . Inverted repeats 10-13 bases long begin at bases 2 and 3,561; 337 and 3,163; 1,044 and 2,852; 1,860 and 3,020; 2,019 and 2,563; and 2,575 and 2822. Palindromic repeats of 10-16 bases are centered at bases 621, 1541, 2,220, 2,651, 2,865, 2,873, 3,091, and 3,438.
Coding Frame and Codon Usage Analysis. We scanned both strands of the M2 sequence for the presence of termination codons using the universal genetic code and the mitochondrial code for filamentous fungi, which utilizes the universal termination codon UGA as a tryptophan codon (28) . Using either genetic code, one strand was shown to have a major ORF (ORF A) of 754 aa in reading frame 2 (bases 422-2,683, Fig. 1 ). It was designated as sense-strand. Another ORF of 95 aa (bases 2,743-3,027) is also located on this strand in frame 1. The complementary strand could potentially encode polypeptides of 89, 93, and 100 aa (bases 2,052-2,351, 2,365-2,631, and 2,836-3,114). ORF A has a preference of A or U over G or C at the third or wobble position. A, U, G, and C at the wobble position correspond to 30.7%, 30.3%, 20.0%, and 18.8%, respectively. This trend is in accordance with codon usage in the mitochondria of higher fungi (29) .
The C-terminal part of ORF A contains the consensus motif (GDD) (30) and the three conserved regions A, B, and D, of RNA-dependent RNA polymerase (RDRP) (Fig. 3) . ORF A has a significant sequence similarity with a protein encoded by a hypovirulence-associated mitochondrial dsRNA of Cryphonectria parasitica (ref. 31 and Fig. 3 ). Furthermore, this polypeptide possesses three transmembrane helices at positions 413-434, 468-486, and 552-571, respectively (32) .
Cellular Nucleic Acid Analysis. For Southern blot analyses, total genomic DNA was fractionated after digestion with BamHI, which does not have a recognition site within the full-length M2 cDNA sequence and hybridized with oligo- P-labeled DNA probes. A restriction DNA fragment of 6.9-kbp hybridized with the M2-specific probe in both Rhs 1A1 (Fig. 4B, lane 1) , which contains M2 dsRNA and Rhs 1AP (data not shown), which possesses no detectable amount of M2 (15) .
The M2-related 6.9-kbp restriction fragment was extremely recalcitrant to cloning, yielding deleted and rearranged inserts. Thus, we amplified the complete M2-specific DNA sequence into three overlapping fragments (bases 1-1,316, 1,263-2,474, and 2,435-3,570) with 20-22 nucleotide primers (Fig. 4C , lanes 2-4), using total DNA from Rhs 1A1 treated with RNase (RNase Plus, 5 Prime 3 3 Prime). Sequencing of the three PCR products showed that they were identical to respective M2 cDNA regions. We ruled out the possibility of contamination of the fungal total DNA by the M2 cDNA clones (nos. 31 and 53) by designing primer pairs complementary to the two termini of the M2 dsRNA (bases 1-22 and 3,550-3,570, respectively). The sequence of the former primer is absent from the cDNA clones, and that of the latter has a 6-bp or 7-bp overlap with cDNA clones no. 31 and no. 53, respectively. The above primer combinations gave rise to M2-specific PCR products of the expected size. In addition, we included a PCR reaction with a M2-specific primer (bases 63-82) and a T3 sequencing primer that is present in both clones in similar orientation. This primer combination gave rise to the expected M2-specific PCR product only when the M2 cDNA clone (plasmid) was spiked into the total R. solani DNA in the PCR reaction mixture (data not shown). A control PCR of tobacco DNA with M2 specific primers did not give rise to any product (data not shown).
Cellular fractionation data showed that the largest amount of M2 dsRNA was in the cytosol, and a smaller amount was associated with nuclease-treated mitochondrial fractions (Fig.  5) . Nuclei contained no detectable amount of the M2 dsRNA.
Similar to the results obtained with the oligo-primed DNAprobe of mixed polarity (15), complementary-sense RNA probes hybridized with the 3.6-kbp M2 dsRNA and a ssRNA (Fig. 6B ) that migrated to 1.5-kbp position in a nondenaturing gel. In a previous report we have shown that this ssRNA is 3.6 kb and is potentially a full-length transcript of the M2 dsRNA (15) . In contrast, the sense RNA probes hybridized with the M2 dsRNA only (Fig. 6A) . Total RNA from Rhs 1AP did not hybridize with M2 RNA probe of either polarity (data not shown).
A dsRNA-enriched fraction, treated with RNase-free DNase (Promega) and subjected to inverse RT-PCR, gave rise to a PCR product of 584 bp. Cloning and sequencing of this DNA showed a covalent attachment of the two M2 dsRNA termini, thus suggesting the presence of a concatemer or circular dsRNA form of the M2 element in Rhs 1A1 (15) .
DISCUSSION
The M2 element is distinct from known dsRNAs found in filamentous plant pathogenic fungi for the following reasons. It is one of three dsRNAs that are apparently suppressed in the virulent culture Rhs 1AP (14) , but replicate prolifically in the sector-derived, hypovirulent subculture Rhs 1A1 (15) . Transmission of M2 via hyphal anastomosis coincides with a decrease in virulence. Moreover, the degree of virulence reduction appears to be directly proportional to the titer of M2-related dsRNA (14) . The existence of a complete copy of M2 in DNA form in both Rhs 1AP and Rhs 1A1 is one of the most distinctive attributes of this dsRNA element. In contrast with the C. parasitica mitochondrial dsRNA (31), M2 occurs in both the cytosol and within mitochondria or nuclease-resistant entities cofractionating with mitochondria (Fig. 5 ). Northern hybridization analysis had shown the presence of M2-related RNAs that migrate more slowly than the M2 dsRNA (15) . This information, in conjunction with the fact that the sequence of the inverse RT-PCR showed a covalent joining of the two M2 dsRNA termini, suggests that replication of M2 involves circular and͞or concatemeric structures. Similar to the NB631 mitochondrial dsRNA from C. parasitica (31) , M2 has a full-length transcript (Fig. 6 and ref. 15) . Whereas the polarity of the NB631 dsRNA transcript is not known, the M2 transcript has a sense-polarity (Fig. 6) .
The two 3Ј-terminal hairpins (Fig. 2) are quite similar in structure and relative position to those occurring on dsRNA of the yeast killer system and shown to be involved in transcription, replication, and assembly of the respective dsRNA (33) . Inverted repeats, such as the M2 terminal inverted repeat (Fig.  2) , are common in reoviruses (34) . Xu et al. (35) demonstrated that any alteration in the 3Ј-terminal inverted repeat affects the in vitro translational efficiency, 5Ј-terminal domain nuclease (T1) sensitivity of a genome segment (S8), and packaging of wound tumor virus.
RNA viruses evolve rapidly, and this results in considerable sequence divergence even among related viruses (36) . The only gene common to all dsRNA viruses is their RDRP, which shows homology of short stretches of conserved aa or motifs (37, 38) . In this respect, it is significant that a stretch of M2 dsRNA has a 72% sequence identity (data not shown) with a region (bases 1,416-1,503) of a hypovirulence-associated, mitochondrial dsRNA from C. parasitica strain NB631 (31) . A more extensive sequence similarity (36% identities and 33% conservative substitutions in a region of 287 amino acids) was observed when all four RDRP motifs (30) of the ORF A polypeptide were aligned with those of the RDRP gene of the NB631 dsRNA (Fig. 3) .
A stretch of ORF A (190-517 aa) is phylogenetically related to two domains of the pentafunctional polypeptide AROM from yeast (Saccharomyces cerevisiae) that is a mosaic of five monofunctional domains, and carries out steps 2 to 6 of the shikimic acid pathway (39) . These two domains correspond to the 3-dehydroquinase (AroD) and shikimate dehydrogenase (AroE). In a region of 343 amino acids, the ORF A putative protein has 21% identities, and 43% conserved substitutions with the AroD and AroE domains of the AROM protein (Fig.  7) . Interestingly, R. solani cultures produce phenylacetic acid, a catabolite of the aromatic amino acid phenylalanine in R. solani (40) and other fungi (41) . Phenylacetic acid is capable of producing the same disease syndrome on potato as the pathogen itself (13, 42) . The amount of phenylacetic acid produced by Rhs 1A1 is significantly lower than that produced by virulent isolates of anatomosis group 3 when grown on defined media (13, 15) . We have also shown that the phenylacetic acid-producing capacity of Rhs 1A1 is fully restored when phenylalanine is added to media (data not shown). The above data, in conjunction with the fact that M2 replicates only in Rhs 1A1, suggests that the M2-encoded ORF A polypeptide might interfere with specific steps of the shikimate pathway resulting in reduced levels of phenylalanine. This inference is further supported by the following facts. The shikimate pathway shares two metabolites (3-dehydroquinate and dehydroshikimate) with the quinate pathway that leads to the production of protocatechuate from quinate in many fungi (43) . Transcription of the eight-gene cluster of the quinate pathway is positively or negatively regulated by the qutA or qutR gene products, respectively. The QUTA protein (transcription activator) is phylogenetically related to the two N-terminal domains of the pentafunctional AROM protein, dehydroquinate synthase and 5-enolpyruvyl-shikimate-3-phosphate synthase. The QUTR protein (transcription repressor) is phylogenetically related to the extreme C terminus of 5-enolpyruvyl-shikimate-3-phosphate synthase and the three C-terminal domains shikimate kinase, dehydroquinase, and shikimate dehydrogenase (43) . The overall sequence similarity of the above two regulatory proteins to the AROM protein is similar to the relatedness between the ORF A protein of the M2 dsRNA element and the respective domains of the AROM protein. We propose that the ORF A protein of M2 acts as a truncated, inactive repressor by binding to the quinate pathway activator but still allowing transcription of the quinate pathway gene cluster. This would divert 3-dehydroquinate and dehydroshikimate from the shikimate to the quinate pathway, thus causing a significant decrease in aromatic amino acid synthesis (44) . This hypothesis is further supported by experimental evidence showing that Neurospora crassa mutants possessing an inactive repressor of the quinate pathway exhibit constitutive expression of the genes of this pathway (45) .
